Salmonella enterica epidemics often involve rapid dissemination of predominant epidemic strains over large geographical distances (24, 42) . For example, multidrug-resistant (MDR) Salmonella enterica serovar Typhimurium DT104 has been consistently reported as the cause of both human and animal salmonellosis worldwide since it was first reported to be epidemic in England and Wales in the 1980s (7, 24) . Epidemic dissemination of predominant strains was also observed for other Salmonella serovar Typhimurium phage types, including DT204 (43), DT193 (43) , DT208 (4) , and DT10 (30) , and for MDR Salmonella enterica serovar Wien (17) in the 1970s. Recently, MDR Salmonella enterica serovar Newport with AmpC (CMY-2) ␤-lactamase-mediated cephalosporin resistance has been recognized as epidemic in humans and animals in the United States (49, 50) . Therefore, the steady emergence of these epidemic strains has been an important concern for human and animal health.
The factors responsible for the emergence of new epidemic strains of Salmonella are not understood, but it is possible that antimicrobials play a role in the emergence and persistence of epidemic MDR strains (42, 50) . Nevertheless, withdrawal of antimicrobials often fails to have a significant effect on the prevalence of MDR Salmonella in food animals (48) , and in some cases epidemic strains can persist despite a selective disadvantage from antimicrobials (6, 25) . Indeed, pansusceptible epidemic strains of S. enterica, which are susceptible to all antimicrobials tested, have been recognized in humans and animals in Canada and New Zealand (30, 47) . Therefore, the emergence and dissemination of epidemic strains does not necessarily require antimicrobial selection pressure, and successful epidemic strains probably have other traits that allow more efficient dissemination of the strains in specific host populations and environments relative to other, coexisting strains.
The purpose of this study was to identify genetic traits unique to epidemic strains of Salmonella. Two MDR and one pansusceptible epidemic strain of S. enterica were compared with nonepidemic strains matched on the basis of shared serotype, geographic and temporal distribution, and host species origin. The comparative studies of matched pairs included genomic microarray hybridizations using Salmonella serovar Typhimurium LT2 as a reference. Subsequently, suppression subtractive hybridization (SSH) libraries were constructed using Salmonella serovar Typhimurium LT2 as the driver and epidemic strains as the tester sequences. After unique gene fragments were identified, they were used to construct a second microarray for additional genomic comparisons. These comparisons showed the extent of variation in gene content between the different strains and identified specific genes and gene loci that were conserved in epidemic strains but frequently missing in nonepidemic strains.
MATERIALS AND METHODS
Bacterial strains and sources. This study included 81 bovine isolates of Salmonella serovars Typhimurium and Newport that are archived by the Field Disease Investigation Unit (FDIU) at Washington State University (Pullman) and 9 avian isolates of Salmonella serovar Typhimurium kindly provided by Maurice Alley, Massey University, New Zealand. Thirty-nine isolates from this collection were used for comparative genomic studies ( Table 1 ). The bovine isolates were collected from clinical cases in the Pacific Northwest between 1993 and 2002. Serotypes and phage types of the isolates were determined by the National Veterinary Service Laboratories (Ames, Iowa), and their resistance types were determined by the FDIU. Only one isolate per case was included, in order to maximize independence between isolates.
Defining epidemic and nonepidemic strains. Bovine isolates were classified as "epidemic" or "nonepidemic" based on bovine salmonellosis cases in the Pacific Northwest between 1993 and 2002 (Table 1) . Strains (phage types or resistance types) that represented more than 50% of clinical isolates of a given serotype during a period of at least 3 years were considered epidemic strains. Nonepidemic strains were phage type or resistance type strains of the same serotype as c Resistance patterns were determined by the Kirby Bauer disk diffusion assay on Mueller-Hinton agar for 14 antimicrobials, including ampicillin (AMP), chloramphenicol (CHL), gentamicin (GEN), kanamycin (KAN), streptomycin (STR), triple sulfa (TSU), trimethoprim-sulfamethoxazole (SXT), tetracycline (TET), amoxicillin-clavulanic acid (AMC), cephalothin (CEF), ceftazidime (CAZ), cefoxitin (FOX), ceftiofur (CTF), and ceftriaxone (CRO). All Salmonella serovar Newport CMY-2ϩ isolates tested were also intermediately resistant to CRO.
d Each pattern was designated as described by Tenover et al. (46) . e The isolates were closely related to corresponding epidemic strains, although they were classified as being of nonepidemic status. PFGE. Pulsed-field gel electrophoresis (PFGE) was performed using the restriction endonuclease XbaI (30 U) as previously described (19) under the following conditions: separation on a 1% agarose gel (Seakem Gold agarose; FMC Bioproducts) in 0.5ϫ TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA) at 14°C and 6 V/cm for 18 h, with switch times ranging from 2.2 to 63.8 s. Photographic images of the gels were analyzed using Bionumerics software (Applied Maths, Sint-Martens-Latem, Belgium), and a dendrogram of the PFGE patterns was generated from Dice coefficients of similarity by the unweightedpair group method using average linkages. PFGE patterns of nonepidemic isolates were compared to those of epidemic isolates of the same serotype and source and were typed as described by Tenover et al. (46) .
Plasmid profiling. Plasmid DNA was isolated by the alkaline lysis method as previously described (28) and analyzed by agarose gel electrophoresis. Plasmid sizes were estimated by comparison with two supercoiled DNA ladders containing DNA bands of 8 to 165 kb (BAC-Tracker supercoiled DNA ladder; Epicentre, Madison, Wis.) and 2 to 16 kb (Invitrogen, Carlsbad, Calif.).
Characterizing bla CMY-2 -positive isolates. Isolates were screened for the presence of the bla CMY-2 gene, encoding the CMY-2 ␤-lactamase, by using PCR as previously described (50) . The location of the bla CMY-2 gene was determined by transforming plasmid minipreps into Escherichia coli DH10B cells (GeneHogs; Invitrogen), screening for AmpC-like ␤-lactamase-producing transformants on LB medium with 50 g/ml cefoxitin (Sigma-Aldrich, St. Louis, Mo.), and conducting plasmid profiling as previously described (29) .
Salmonella gene microarray analysis. Details concerning the construction and characteristics of the microarray, DNA labeling, and hybridization conditions have been described previously (38, 40) . In this study, we examined differences in genome content between strains using comparative genomic hybridizations to probes specific to the Salmonella serovar Typhimurium LT2 genome and the pSLT plasmid. Briefly, the genomic DNA of each query strain was labeled with Cy3-dCTP, mixed with an equal amount of Cy5-dCTP-labeled genomic DNA of Salmonella serovar Typhimurium LT2, and then applied to the microarray. Hybridizations were then performed overnight at 42°C in a hybridization chamber (Corning, Acton, Mass.) maintained in a water bath.
Microarray scans were performed with a ScanArray 4000XL laser scanner (Perkin-Elmer Life Sciences, Boston, Mass.). Tagged-image format files were analyzed with softWoRx image analysis software (Applied Precision, Issaquah, Wash.) using the contour option that accommodates spots that have various shapes and sizes. Median spot intensities were subsequently converted to log 2 values and normalized using a global lowess algorithm (BRB ArrayTools; http: //linus.nci.nih.gov/BRB-ArrayTools.html). Spots for which intensities from the Salmonella serovar Typhimurium LT2 control sample were within 2 standard deviations above background were excluded from analysis (41) . After filtering and normalization, data were recorded as the median of log 2 ratios for triplicate spots of each gene. Subsequent data analysis was conducted using the GACK genomic analysis program (31) to generate cutoffs for present or absent (conserved or divergent) genes relative to the Salmonella serovar Typhimurium LT2 genome. This program calculates an idealized normal distribution curve for each array and assigns a ternary value for each probe, depending on an estimated probability of a gene being present (100%), absent (0%), or uncertain (Ͼ0% and Ͻ100%) in a given strain. The entire data set was then subjected to average hierarchical clustering with CLUSTER (21) , and the results were presented using TREEVIEW (21) .
SSH. Three separate SSH libraries were constructed. SSH was performed using the PCR-Select bacterial genome subtraction kit (Clontech, Palo Alto, Calif.) according to the manufacturer's recommendations, with the epidemic strains ST3686, SN6668, and STNZ152 as the testers and Salmonella serovar Typhimurium strain LT2 as the driver. Briefly, the tester and driver genomic DNAs were digested with RsaI and subjected to subsequent tester-adaptor ligation and subtractive hybridizations. Tester-specific sequences were then amplified by PCR and cloned into pCR 2.1 using a TA cloning kit (Invitrogen) according to the manufacturer's instructions.
DNA sequencing and analysis. SSH clone inserts were sequenced in both directions using cloning vector primers (T7 and M13R) and an Applied Biosystems 3130xl DNA sequencer with the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster City, Calif.). The sequences were edited using Vector NTI software (Invitrogen). Sequence analysis was carried out using the BLASTn and BLASTx programs of the National Center for Biotechnology Information (3). Putative functions were predicted by BLASTx searches, where matches with E values of Ͻ10 Ϫ3 were considered significant. SSH microarray construction and analysis. We constructed a DNA microarray consisting of tester-specific clone inserts that were obtained from three SSH libraries and Salmonella serovar Typhimurium LT2 genes that were specific to any of three epidemic subtypes based on Salmonella gene microarray analysis. SSH clone inserts were amplified using the cloning vector primers in PCRs, and genes of Salmonella serovar Typhimurium LT2 were amplified using the primers and PCR amplification conditions described previously (38, 40) . PCR products were then purified and printed as triplicate spots by following previously described procedures (12, 13) . The array included additional spots of gyrB and 16S rRNA genes as housekeeping controls, and the entire array was also duplicated on each slide. Genomic DNA targets were biotinylated using nick translation (BioNick DNA labeling system; Invitrogen) and transferred to the microarray slide as previously described (13) . Slides were placed in hybridization chambers (Corning) and maintained in a water bath overnight at 55°C. Hybridized DNA was detected using streptavidin conjugated to Alexa Fluor 555 (Molecular Probes, Eugene, Oreg.) at a 1:500 dilution in 1ϫ SSC (0.15 M NaCl plus 0.015 M sodium citrate) and 5ϫ Denhardt's solution. Slides were subsequently scanned using an arrayWoRx e scanner (Applied Precision). Microarray image files were segmented using softWoRx image analysis software, and median intensities of each spot were normalized relative to the average intensity of housekeeping genes. The median of six normalized values per gene or SSH clone was recorded. All hybridizations were performed in replicate, and the resultant median values were averaged between replicates. The ratios of these single-channel values of query strains to corresponding values from Salmonella serovar Typhimurium LT2, ST3686, SN6668, or STNZ152 were calculated and used to evaluate the presence or absence of probed genes or SSH clones in the query strains.
Data points showing poor signals for corresponding control samples were filtered as described above. The threshold cutoff between the presence and absence of genes was determined by the analysis of receiver operating characteristic (ROC) curves that present the relationship between sensitivity and specificity across all cutoff points of a test (NCSS 2004; NCSS, Kaysville, Utah). Probes with ratios greater than or equal to a threshold optimal for sensitivity and specificity were considered to indicate the presence of a gene. The entire data set was presented using TREEVIEW (21) and also analyzed using a Ward's minimum-variance cluster algorithm with a Euclidean distance metric (NCSS 2004) to examine the genetic similarity between strains.
Nucleotide sequence accession numbers. Gene sequences determined in this study have been deposited under GenBank accession numbers DQ472365 to DQ472474. (2, 26, 27) , epidemic Salmonella serovar Typhimurium DT160 has accounted for more than 70% of avian Salmonella serovar Typhimurium isolates phage typed since 2000. This study included, as a nonepidemic strain, a Salmonella serovar Typhimurium DT156 isolate, of a phage type that was rarely found among avian Salmonella isolates during the same period in New Zealand.
RESULTS
Phenotypic and genotypic characteristics. Twenty-five isolates of Salmonella serovar Typhimurium DT104 and two isolates of closely related phage types (DT120 and U302) (14, 33) shared resistance to at least five antibiotics, including ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline (Table 1) . These strains had closely related PFGE patterns (types A, A1, and A2) and harbored a plasmid of approximately 95 kb (Table 1; Fig. 1 ). Two nonepidemic Salmonella serovar Typhimurium DT208 isolates were also resistant to multiple antibiotics and had PFGE patterns (types B and B1) distinct from those of other Salmonella serovar Typhimurium phage types while harboring a larger plasmid (Table 1).
Forty-seven cephalosporin-resistant MDR Salmonella serovar Newport isolates also were resistant to multiple antibiotics (Table 1) and were also intermediately resistant to ceftriaxone. PFGE analysis showed one main pattern (type E; 24 isolates) and eight closely related patterns (subtypes C1 to C7) (Fig. 1) . All the isolates shared a large plasmid of approximately 150 kb and were positive for bla CMY-2 by PCR (Table 1) . Subsequent plasmid transformation and PCR detection revealed that the bla CMY-2 gene was harbored on the 150-kb plasmid. Cephalosporin-susceptible Salmonella serovar Newport included three pansusceptible isolates and three isolates (types E and E1) with resistance to several antibiotics (Table 1 ; Fig. 1 ). Nonepidemic pansusceptible and MDR isolates had diverse PFGE patterns (types D, E, and F), but one pansusceptible isolate (SN4770) had subtype C8, closely related to the main type C of epidemic cephalosporin-resistant MDR Salmonella serovar Newport isolates (Table 1) .
All nine isolates of Salmonella serovar Typhimurium DT160 and DT156 were susceptible to all antibiotics tested ( Fig. 1]) , indicating that the isolates were highly clonal, as previously reported (2, 47) . In contrast, the nonepidemic Salmonella serovar Typhimurium DT156 isolate (STNZ340) showed a different PFGE pattern (type H), closely related to that of Salmonella serovar Typhimurium DT104 (type A), and did not harbor a plasmid (Table 1) . Differences in genome content between epidemic and nonepidemic strains. The genome contents of nine representative epidemic isolates and seven nonepidemic isolates of S. enterica were compared with that of Salmonella serovar Typhimurium LT2 by using the Salmonella gene microarray. Genetic similarity among representative isolates, based on the presence or absence of LT2 genes, is summarized in Fig. 2 and in Table S1 in the supplemental material. About 2% of the genome content of Salmonella serovar Typhimurium LT2 (including plasmid pSLT) is absent or highly diverged in Salmonella serovar Typhimurium query strains, except for Salmonella serovar Typhimurium DT156, which showed 5% divergence. For Salmonella serovar Newport query strains, 8% of the genome content is absent or highly diverged (Fig. 2) . In the hierarchical clustering analysis, isolates of each epidemic subtype grouped together into subclusters, indicating that the genome content is conserved within each subtype (Fig. 2) .
Comparison between Salmonella serovar Typhimurium DT104 and DT208 showed that the region from pSLT010 to pSLT024 was present only in Salmonella serovar Typhimurium DT104 but the regions including STM0517 to STM0529, STM0906, STM2599, STM2616 to 2618, and STM2704 to STM2706 were present only in nonepidemic Salmonella serovar Typhimurium DT208 (ST2796 and ST4563) (see Table S1 in the supplemental material). The pSLT010-to-pSLT024 region includes srgAB, pefACDI, and open reading frames 5, 6, and 7 and belongs to the pef (plasmid-encoded fimbriae) locus, which is associated with bacterial virulence (5). The main region (STM0517 to STM0529) absent in Salmonella serovar Typhimurium DT104 contains the genes involved in glycerate and allantoin metabolism (18) . Other nonepidemic Salmonella serovar Typhimurium DT208-specific regions contain Gifsy-1, Fels-1, or Fels-2 prophage genes (see Table S1 in the supplemental material).
Genomes of Salmonella serovar Newport isolates shared less than 90% of the Salmonella serovar Typhimurium LT2 genome on the basis of genes defined as present (Fig. 2) . Only a small region (STM1029 to STM1030) of the Gifsy-2 prophage was present in cephalosporin-resistant MDR Salmonella serovar Newport and absent in nonepidemic serovar Newport isolates, and a gene (STM2689) of unknown function, which is a pseudogene in serovar Typhimurium LT2, was present in nonepidemic cephalosporin-susceptible Salmonella serovar Newport and absent in epidemic serovar Newport isolates (see Table S1 in the supplemental material).
Hybridizations with two epidemic Salmonella serovar Typhimurium DT160 isolates (STNZ152 and STNZ165) and one nonepidemic Salmonella serovar Typhimurium DT156 isolate (STNZ340) revealed 163 genes that were present in DT160 isolates and absent in DT156. Most (103) of these genes are located on the virulence plasmid of DT160; the other genes are Gifsy-1 and Gifsy-2 prophage genes (see Table S1 in the supplemental material), indicating that the Gifsy-1 and Gifsy-2 prophage regions are also absent or highly divergent in the DT156 isolate. In contrast, two genes, including a gene encoding a putative periplasmic transport protein (STM1562) and a gene of unknown function (STM4261), are present in the DT156 isolate and absent in DT160 (see Table S1 in the supplemental material).
FIG. 2.
Genomic differences between epidemic and nonepidemic strains of Salmonella serovars Typhimurium and Newport determined by using the Salmonella gene microarray. Two percent of the genome content of Salmonella serovar Typhimurium LT2 is absent or highly diverged in Salmonella serovar Typhimurium query strains except for Salmonella serovar Typhimurium DT156 (5%), and 8% of the genome content is absent or highly diverged in Salmonella serovar Newport query strains. Representative regions showing differences between epidemic and nonepidemic strains of S. enterica are indicated by the Roman numerals I, II, III, and IV, and details are provided in Table S1 in the supplemental material. Each strain identification (ID) consists of its name and subtype, and strains are clustered as described in Materials and Methods. The genes on the chromosome are represented in the order of their positions in Salmonella serovar Typhimurium LT2, from STM 0001 to STM 4600, and are followed by the genes of the Salmonella serovar Typhimurium LT2 virulence plasmid pSLT. Blue indicates present genes; yellow, absent (highly divergent) genes; black, uncertain (slightly divergent) genes; gray, missing data.
Genomic subtraction and distribution of combined SSH clones. Three independent SSH experiments were performed with three tester strains, ST3686 (DT104), SN6668 (CMY-2ϩ), and STNZ152 (DT160), representing the epidemic subtypes (Table 1) . Successfully sequenced SSH clones (285 clones per library) were assembled, and a total of 289 nonredundant inserts were used to construct a new microarray together with 181 Salmonella serovar Typhimurium LT2 genes that were specific to at least one of the three epidemic subtypes. Hybridization results for Salmonella serovar Typhimurium LT2 and other reference strains (ST3686, SN6668, and STNZ152) were compared with expected results by using ROC analysis. A normalized ratio of 0.68 was chosen as a threshold cutoff point, providing an estimated 97.4% sensitivity and 96.9% specificity.
The distribution of epidemic tester strain-specific genes and sequences across 39 isolates showed that there are highly conserved regions associated with each bacterial subtype (see Fig.  S1 in the supplemental material). Cluster analysis showed that there were two major clusters, distinguishing Salmonella serovars Typhimurium and Newport, and that each cluster was subdivided into two subclusters distinguishing isolates of each epidemic or nonepidemic subtype, with the exception of Salmonella serovar Typhimurium DT120 and U302 and Salmonella serovar Newport SN4770, which clustered together with their corresponding epidemic subtypes (Fig. 3) . This distribution of the isolates demonstrates that most of the genes or SSH clones for each epidemic subtype were common to all isolates of each epidemic subtype.
Specific gene sequences from SSH libraries conserved in epidemic strains. BLASTx analysis results for 42 SSH clones conserved in Salmonella serovar Typhimurium DT104 (and also in DT120 and U302), 47 SSH clones conserved in cephalosporin-resistant MDR Salmonella serovar Newport (11 clones were also found in pansusceptible SN4770), and 21 SSH clones conserved in Salmonella serovar Typhimurium DT160 are shown in Tables S2, S3 , and S4 in the supplemental material. Blastn searches against the Salmonella serovar Typhimurium DT104 genome sequence using the SSH library were present in the sequenced Salmonella serovar Typhimurium DT104 genome. Most sequences were partial sequences whose products were homologous to known proteins, but some sequences contained two or more gene sequences, spanning the intergenic region. Gene sequences specific to Salmonella serovar Typhimurium DT104 and closely related nonepidemic DT120 and U302 were composed of 22 phage-related gene sequences, 16 plasmidrelated gene sequences, and 16 other regions from uncertain sources ( Table 2) . Most of the phage-related sequences were homologous to those of Salmonella serovar Typhimurium bacteriophage ST104 (45) , and the plasmid-related sequences were homologous to those of the Salmonella genomic island 1 (SGI1) (11) (see Table S2 in the supplemental material). Many genes are of unknown function. However, two sequences (36861G03 and 36863D11) are presumably involved in cell envelope biosynthesis (see Table S2 in the supplemental material).
Specific gene sequences conserved in cephalosporin-resistant MDR Salmonella serovar Newport and partly in nonepidemic SN4770 included nine phage-related sequences, 18 plasmid-related sequences, and 38 other sequences from chromosomes or uncertain sources (Table 2) . SSH clones 66681E09, 66682D09, 66682F07, and 66682G07 contained eight gene sequences belonging to a putative transposable element bearing bla CMY-2 (29) (see Table S3 in the supplemental material). An SSH clone of uncertain source (66681G10) may be involved in cell envelope biosynthesis (see Table S3 in the supplemental material). Six SSH clones (66681D06, 66681H09, 66682C08, 66682B11, 66683D08, and 66683G01) from uncertain sources may encode proteins involved in metabolism, including ferredoxin, the cobalamin biosysnthesis proteins CobT and CobS, phosphoadenosine-phosphosulfate sulfotransferase or a related enzyme, glycosidase, and thymidylate kinase, respectively (see Table S3 in the supplemental material). Most of the other SSH clones (28 gene sequences) contained gene sequences of unknown function (Table 2; see also Table S3 in the supplemental material).
All 21 SSH clones (44 gene sequences) specific to Salmonella serovar Typhimurium DT160 were phage-related sequences (Table 2; see also Table S4 in the supplemental material). These included 10 genes implicated in phage structure and assembly, infection, and host cell lysis and 12 genes implicated in transcription, DNA replication, and metabolism (Table 2) . One-half of the genes (22 gene sequences) were of unknown function (Table 2; see also Table S4 in the supplemental material). Most of these phage-related genes were homologous to those of Salmonella serovar Typhimurium bacteriophages ST64T and ST64B, isolated from Salmonella serovar Typhimurium DT64 (34, 35) (see Table S4 in the supplemental material).
DISCUSSION
This study revealed specific genes and gene loci that were conserved in recent and contemporary epidemic strains of Salmonella and that were mainly related to mobile genetic elements. Antimicrobial resistance phenotypes and genotypes (Table 1 ; Fig. 1 ) indicate that epidemic strains have been disseminated as a single clone or a small family of genetically related strains, as previously reported (2, 7, 50) , and this finding is consistent with the high genomic similarity within isolates of each epidemic subtype shown in genomic comparisons using the Salmonella and SSH microarrays ( Fig. 2; see also Fig. S1 in the supplemental material). Specific gene sequences conserved in epidemic strains included genes or gene fragments that encode proteins putatively involved in bacterial growth, survival, or virulence in the host and the environment (Table 2;  see also Table S1 in the supplemental material). The whole a Two or more regions within an SSH clone with significant BLASTx matches (E Ͻ 10 Ϫ3 ) were counted separately, but two regions, each of which belonged to different SSH clones but aligned with the same protein, were counted once. Therefore, the total number (n) of genes or gene fragments categorized exceeds the sum of the SSH clones identified. Epidemic subtypes were simply designated "ST" for Salmonella serovar Typhimurium or "SN" for Salmonella serovar Newport. "CMY-2ϩ" indicates the cephalosporin-resistant MDR phenotype.
b All sequences were also found in closely related Salmonella serovar Typhimurium DT120 and U302.
c Fifteen sequences were also found in closely related Salmonella serovar Newport isolate SN4770 and are listed in Table S3 in the supplemental material.
d The single-letter labels relate to the "Functional category" column in Tables  S2, S3 , and S4 in the supplemental material.
genome microarray complemented with the SSH provided more information about combinations of known and unknown genes unique to epidemic stains and some genetically related nonepidemic strains.
Specific gene sequences conserved in MDR Salmonella serovar Typhimurium DT104. The main regions showing variation between Salmonella serovar Typhimurium DT104 and DT208 in the Salmonella gene microarray include the region from the pef locus specific to the DT104 isolates and the glycerate and allantoin metabolism-related gene region specific to the nonepidemic DT208 isolates (see Table S1 in the supplemental material). The pef (plasmid-encoded fimbriae) locus is implicated in bacterial adherence to intestinal epithelial cells and gastroenteritis in the host (5) . The absence of this locus may have resulted in relatively lower virulence of nonepidemic DT208. In contrast, the gene region involved in glycerate and allantoin metabolism may confer an advantage on nonepidemic DT208 in utilizing nitrogen sources (18) . Most DT104-specific clones obtained by SSH are related to Salmonella serovar Typhimurium bacteriophage ST104 (45) and SGI1, which is a mobilizable genetic element (11, 20) (see Table S2 in the supplemental material). Although SGI1 is found on chromosomes in most host strains of S. enterica, this study grouped gene sequences homologous to those of SGI1 into plasmid-related sequences because of its many genetic traits associated with plasmids (11) .
All SSH clones listed in Table S2 in the supplemental material were shared by Salmonella serovar Typhimurium DT120 and U302. MDR strains of these two phage types may be derived from DT104 through a phage type conversion (14, 33) . Phage type conversion may be mediated by the acquisition of new phages or plasmids and by changes in bacterial cell surface phage receptors (33) , and the conversion of DT104 to U302, possibly by the acquisition of plasmids, has been observed (14) . The current study also supports the conclusion that phage types DT104, DT120, and U302 share a recent common origin.
The common genetic background shared by DT104 and genetically related phage types may have contributed to the overall epidemic phenotype of DT104. Nevertheless, the phage types DT120 and U302 are not successful isolates in the Pacific Northwest. The new phage or plasmid presumably involved in phage type conversion or other minor genetic alterations such as point mutations may have a role in preventing successful widespread infections of the phage types. We were unable to identify meaningful differences, probably owing in part to the limited resolution of hybridization-based comparisons used in this study.
Specific gene sequences conserved in cephalosporin-resistant MDR Salmonella serovar Newport. Salmonella serovar Newport isolates showed very few differences between epidemic and nonepidemic strains based on the Salmonella gene microarray analysis (see Table S1 in the supplemental material). Genomic subtraction revealed 47 SSH clones (65 gene sequences) conserved in epidemic strains, including many genes from plasmids and uncertain sources (see Table S3 in the supplemental material). Several SSH clones showed partial gene sequences of a bla CMY-2 element that might be a composite transposon (29) . These elements contain an insertion sequence (ISEcp1), blc, a partial ecnR gene, and dsbC, as well as two antimicrobial resistance gene sequences, bla CMY-2 and sugE (29) . The blc gene encodes an outer membrane lipoprotein that may serve a starvation response function in host bacteria (9) , and the ecnR gene encodes a transcriptional regulatory protein involved in osmoregulation during starvation in the stationary phase (8) . Interestingly, blc, sugE, and ecnR are present in the Salmonella serovar Typhimurium LT2 chromosome (STM4337 to STM4339), and the Salmonella gene microarray analysis showed that these genes were also present in all Salmonella serovar Newport isolates tested. Cephalosporinresistant MDR Salmonella serovar Newport-specific SSH clones also include two gene sequences encoding proteins involved in cell envelope biosynthesis and six gene sequences encoding metabolic enzymes involved in respiration and nucleotide, amino acid, carbohydrate, or vitamin metabolism (see Table S3 in the supplemental material) that may confer survival and growth advantages on the host bacteria.
Interestingly, the pansusceptible isolate SN4770 appeared to be a close genetic match to cephalosporin-resistant MDR isolates, except that it lacked the 150-kb plasmid (Table 1) , and contained 11 of 47 SSH clones conserved in cephalosporinresistant MDR Salmonella serovar Newport (see Table S3 in the supplemental material). We speculate that SN4770 represents a clone of Salmonella serovar Newport that has lost the bla CMY-2 -bearing plasmid.
Specific gene sequences conserved in pansusceptible Salmonella serovar Typhimurium DT160. Most of the Salmonella serovar Typhimurium DT160-specific gene sequences found by the Salmonella gene microarray were the plasmid pSLT genes; other genes were Gifsy-1 and Gifsy-2 prophage genes ( Fig. 2 ; see also Table S1 in the supplemental material). Interestingly, nonepidemic Salmonella serovar Typhimurium DT156 paired with DT160 did not have a large plasmid (Table 1 ; Fig. 2 ) and probably lacks the pSLT-like plasmid-mediated functions associated with virulence and fitness. There are at least five prophage genomes present on the Salmonella serovar Typhimurium LT2 chromosome-Gifsy-1, Gifsy-2, Fels-1, Fels-2, and the region from STM 4196 to STM4219-and most of these phage genes are highly diverged in other bacterial strains (39) . Gifsy-1 and Gifsy-2 prophages, the regions of which are absent or highly diverged in the nonepidemic DT156 isolate, have been shown to contribute to Salmonella serovar Typhimurium virulence (22) . In particular, the lambdoid phage Gifsy-2 carries the periplasmic superoxide dismutase gene (sodCI), which improves Salmonella survival in the host, and other putative virulence factors (22) . The prophage genes absent in the nonepidemic strain may indicate its relatively lower virulence in the host. SSH identified additional DT160-specific gene fragments that were all phage-related sequences, most of which were previously reported for Salmonella serovar Typhimurium bacteriophages ST64T and ST64B, isolated from Salmonella serovar Typhimurium DT64 (34, 35) (see Table S4 in the supplemental material). Therefore, these two additional phages may be present in the epidemic DT160 genome. Although their roles in host organisms were not determined, ST64B was also found in pandemic Salmonella enterica serovar Enteritidis phage type 4 (PT4) (38) .
As previously reported, antimicrobial selection pressure does not consistently explain the increased prevalence of epidemic MDR stains of S. enterica, and restricting antimicrobial use often fails to control the dissemination of epidemic MDR Adaptive mutations involving functional modification or loss of preexisting genetic materials also represent a genetic mechanism for enhancing bacterial virulence or fitness and compensating for the fitness cost posed by the acquisition of antimicrobial resistance (10, 44) . Salmonella gene microarray analysis in this study showed genes or gene regions absent in epidemic strains and present in nonepidemic strains. However, point mutations, rearrangements, or small insertions and deletions cannot be detected by conventional hybridization-based approaches (32) . Thus, the genetic information provides only limited insight into genetic traits associated with the epidemic success of the three epidemic subtypes. In addition, this study did not reveal any specific genetic elements shared by the three epidemic subtypes. Previous studies showed that MDR Salmonella serovar Typhimurium DT104 strains were not more invasive or more virulent than other phage types and known virulent strains (1, 23) and that the acquisition of an AmpC ␤-lactamase gene might cause a reduction in the growth rate and invasiveness of Salmonella due to a fitness cost (36) . Salmonella epidemics are frequently characterized by a decline in widely disseminated epidemic strains with the emergence and spread of new epidemic strains (24) . Salmonella serovar Typhimurium DT208, which was considered nonepidemic in this study, was also responsible for an epidemic in humans in the Middle East in the 1970s (4), although it is not clear whether our DT208 is the same clonal type as the Middle East type. Therefore, the emergence of new epidemic strains of Salmonella does not indicate the occurrence of more-pathogenic strains. The epidemiological status of epidemic strains of Salmonella may be driven by more-complex combinations of multiple genetic and fitness traits, including antimicrobial resistance and compensating factors, distinguishing them from at least coexisting nonepidemic strains, rather than by any common genetic factor conferring distinct epidemic potential on host bacteria.
In addition to the inherent limitations to hybridizationbased analysis, and because of the high percentage of strainspecific sequences of each epidemic subtype that remain uncharacterized (43 to 50%), additional efforts will be needed to understand how these traits might contribute to the emergence and expansion of epidemic strains. At the level of resolution afforded by this study, it is clear that the success of the three epidemic subtypes is not driven by a common genetic trait. The Salmonella gene microarray and SSH analyses identified epidemic MDR and non-MDR strain-specific gene sequences in addition to antimicrobial resistance genes that were absent or highly diverged in distantly related, coexisting nonepidemic strains. Although this study did not show clear discrimination of genetic traits between epidemic and nonepidemic strains, the common genetic background shared by isolates of the same epidemic subtype and closely related strains may be an important part of potential combinations of epidemic trait-associated factors that contribute to overall epidemic phenotypes of Salmonella. Further functional analysis of these genes will provide better insight into the emergence and expansion of epidemic strains of S. enterica and will potentially assist with the development of novel control strategies.
